Abstract. Aberrant metabolism is a hallmark of human cancer. Glutamine metabolism has been identified as a central metabolic pathway in cancer and thus, targeting glutamine metabolism may exhibit therapeutic potential. Sirtuin 4 (SIRT4) is an important molecule that mediates the blockade of glutamine catabolism by inhibiting glutamate dehydrogenase. In the present study, SIRT4 protein expression levels were analyzed in 409 breast cancer tissues and 241 paired adjacent non-cancerous tissues by immunohistochemical analysis and the correlation between SIRT4 expression and the clinicopathological features was evaluated. SIRT4 protein was markedly increased in the breast cancer cells compared with adjacent non-tumor mammary cells and was correlated with estrogen receptor, progesterone receptor, nuclear-associated antigen Ki-67 and tumor protein p53 status, as well as breast cancer subtypes. Furthermore, low SIRT4 expression was associated with poor overall survival in breast cancers patients, particularly in Luminal A patients. Univariate and multivariate analyses confirmed that increased SIRT4 expression was an independent predictive factor of good prognosis for breast cancer patients. In conclusion, SIRT4 expression represents a significant favorable prognostic factor for patients with invasive breast cancer.
Introduction
Breast cancer is one of the most common types of cancer and the leading cause of cancer-associated mortality among women, worldwide (1) . At present, the incidence of breast cancer in China is increasing: Breast cancer has become the second most frequently diagnosed cancer, accounting for 248,620 novel cases in 2011, with an annual incidence rate of 37.86 cases per 100,000 individuals. In 2011, breast cancer accounted for 60,473 mortalities with a mortality rate of 9.21 mortalities per 100,000 individuals in China (2) . An increasing number of studies have focused on the identification of novel therapeutics for the treatment of breast cancer, including novel anti-metabolic therapy (3) . Aberrant metabolism is a hallmark of cancer; metabolic reprogramming of cancer cells is observed in various cancers, including breast cancer (4) . Mammalian cell proliferation uses glutamine as an important anaplerotic source to replenish metabolites in the tricarboxylic acid cycle (TCA) for biosynthesis (5) . Glutamine metabolism is one of the central metabolic pathways in cancer, and thus targeting glutamine metabolism may present a novel therapeutic approach for the treatment of breast cancer patients with different molecular subtypes of the disease (5) (6) (7) . Glutamine is the main source for TCA anaplerosis in proliferating cells: Glutamine is firstly converted to glutamate by glutaminase (GLS) followed by conversion to α-ketoglutarate by either glutamate dehydrogenase (GDH) or transamination-coupled reactions. Sirtuin 4 (SIRT4) directly downregulates GDH activity via adenosine diphosphate (ADP)-ribosylation, which regulates glutamine catabolism. SIRT4 is an important gene that mediates the blockade of glutamine catabolism and therefore, it is considered a 'glutamine gatekeeper' (7, 8) .
The human SIRT4 gene is located on chromosome 12. SIRT4 is a member of the SIRT family (SIRT1-7) of protein deacetylases and ADP-ribosylases that are involved in multiple cellular processes, including the maintenance of genomic stability and regulation of metabolism (9) . SIRT1, -6 and -7 are localized to the nucleus, SIRT2 resides in the cytosol and SIRT3, -4, and -5 are usually located in the mitochondria. SIRT4 predominantly acts as an ADP-ribosyltransferase, exhibiting demalonylase, desuccinylase and deacetylase activities in specific tissues (9) (10) (11) . The SIRT4 gene encodes a member of the SIRT family of proteins, which are grouped into four types that are characterized by a SIRT core domain (12) . The functions of SIRT4 outside pancreatic β-cells are unknown. At present, the function of SIRT4 enzymatic activity in the mitochondrion and in nuclear gene transcription remains unclear. A recent study (10) indicated that reduced SIRT4 expression causes both increased glutamine-dependent proliferation and stress-induced genomic instability, resulting in tumorigenic phenotypes. Furthermore, SIRT4-knockout mice spontaneously develop lung tumors (10 (13) . The St. Gallen International Expert Consensus system was used to grade the tissues (14) . The present study was approved by the Ethical Committee of Harbin Medical University and written informed consent for the analysis of tissue specimens was obtained from all patients.
Patient follow-up. All patients were followed up every 3 months post-surgery for the first 5 years and every 12 months thereafter. The follow-up was conducted at The Affiliated Hospital of Harbin Medical University and patient clinical records were periodically reviewed. In addition, the overall survival (OS) was assessed: Overall survival time was defined as the time from the initial diagnosis to the date of death or the study endpoint (December 31, 2012).
Tissue microarray (TMA) and IHC analysis. Tissue blocks containing 409 invasive breast carcinoma samples and 241 paired adjacent normal breast tissue samples were arrayed. The breast cancer TMA for each tissue sample was prepared from the paraffin blocks using a thin-walled needle (inner diameter, 2 mm). All tissue blocks were cut with a microtome to 4-µm and affixed to slides. IHC analysis of SIRT4 was performed using a standard two-step method (15) . Tissue specimens underwent antigen retrieval in citrate buffer (pH 6.0) followed by incubation overnight at 4˚C with polyclonal rabbit SIRT4 antibody (catalog no. ab105039; dilution, 1:150; Abcam, Cambridge, MA, USA). Secondary antibodies were of the Anti-Rabbit IgG Detection system (catalog no. SP-9001; ZSGB-Bio, Beijing, China). Slides incubated with phosphatebuffered saline and rabbit serum served as the blank and negative control groups, respectively. Positively immunostained slides were used as positive controls.
SIRT4 protein expression was only analyzed in the cytoplasm (as an indirect measure of the mitochondrial protein expression). The percentage and intensity of positive SIRT4 staining was evaluated in 10 randomly selected high-power fields (magnification, x400; Olympus BX53; Olympus, Tokyo, Japan) by two investigators blinded to the clinical characteristics and outcomes of the patients. The proportion of positively-stained tumor cells in a field was scored as follows: 0, none; 1, <10%; 2, 10-50%; and 3, >50%. The staining intensity in a field was scored as follows: 0, no staining; 1, weak staining appearing as a light yellow color; 2, moderate staining appearing as a yellowish-brown color; and 3, strong staining appearing as a brown color. The staining index (SI) was calculated as follows : SI = average staining intensity score x proportion score. Cut-off values for protein expression were determined by measuring heterogeneity. Scores of <4 and ≥4 indicated low and high SIRT4 expression, respectively (16) .
Statistical analysis. All data analysis was performed using MedCalc statistical software (version 11.2.0.0; MedCalc Software, Oostende, Belgium). The χ 2 test was used to analyze the associations between SIRT4 expression and clinicopathological features, including age, lymph node metastasis (LNM), pathological stage, ER, PR, HER2 and Ki-67 status and molecular subtype. The OS times of the different patient groups were evaluated using the log-rank test. The Cox proportional hazards model was used for univariate and multivariate regression analyses. P<0.05 was considered to indicate a statistically significant difference.
Results

SIRT4 protein expression is significantly higher in breast
cancer tissues than adjacent non-cancerous tissues. SIRT4 protein was examined in 409 breast cancer tissues and 241 paired adjacent non-tumor tissues. The cytoplasmic expression of SIRT4 was significantly higher in cancer tissues compared with adjacent non-cancerous tissues (P<0.0001). Among the 409 breast cancer specimens, 94 (22.98%) tissues exhibited positive SIRT4 expression and 315 (77.02%) tissues exhibited negative SIRT4 expression. Representative images of IHC SIRT4 staining are shown in Fig. 1 . Of the 241 paired cancer and non-cancerous tissues, 48 (19.92%) breast cancer tissue samples were SIRT4 positive whereas only 29 (12.03%) adjacent non-cancerous tissue samples were SIRT4 positive (P<0.001).
SIRT4 expression is associated with ER, PR and p53 status and molecular subtypes of breast cancer.
To investigate the association between SIRT4 expression and clinicopathological parameters, the 409 breast cancer tissue samples were divided into two subgroups based on their SIRT4 expression (negative and positive SIRT4 expression). The differences in clinical parameters, including age, LNM, TNM pathological stage and grade, ER, PR, HER2, Ki-67 and p53 status and molecular subtypes were compared between the two groups (Table I ). Significant differences between the SIRT4 positive and negative expression groups were identified for the following parameters: ER status (P=0.0068), PR status (P=0.0073), p53 status (P=0.0040) and molecular subtypes (P=0.0404). SIRT4 protein expression rates were significantly different in the different subtypes of breast cancer (P=0.0404). The overall positive expression rate in each subtype was extremely low. SIRT4 protein expression rates were higher in Luminal B (27.97%) and Luminal A (20.00%) subtypes than the HER2 (13.73%) and triple negative breast cancer (TNBC) (16.09%) subtypes. Notably, the negative SIRT4 expression rates were significantly higher in TNBC (83.91%) and HER2-positive subtypes (86.27%) than that of the Luminal A (72.03%) and Luminal B (80%) subtypes (P= 0.0404). The positive SIRT4 protein expression rates were significantly higher in ER or PR positive patients than that in ER or PR negative patients (P=0.0111). The expression of SIRT4 was significantly higher in the p53-positive cancer tissues compared with the p53-negative tissues (P=0.0040). However, no significant correlation was identified between SIRT4 expression and patient age, LNM, tumor size, TNM stage, pathological grade, HER2 status or Ki-67 status (P>0.05; Table I ).
High SIRT4 expression is a favorable prognostic factor for breast cancer. Kaplan-Meier survival analysis was performed to investigate the association between SIRT4 expression and the survival time of patients with certain subtypes of invasive breast cancer. As shown in Table II Fig. 2A ). Multivariate analysis identified that SIRT4 expression (P=0.02985), Ki-67 status (P=0.01767) and LNM (P=0.001393) were independent prognostic factors ( Table II) . The results of this study indicate that high SIRT4 expression is a favorable prognostic factor for patients with invasive breast cancer.
Positive SIRT4 expression is associated with longer OS times in patients with Luminal A breast cancer and ER/PR positive patients.
Kaplan-Meier OS curves were established to determine the effects of SIRT4 expression on survival in patients with different molecular subtypes of breast cancer. No significance differences in survival were identified between the Luminal B, HER2 and TNBC subtypes (P>0.05). In the Luminal A group, the OS time of patients with negative SIRT4 expression (70.35 months) was significantly shorter than that of patients with positive SIRT4 expression (73.64 months) (P=0.0382; Fig. 2B ). Similarly, in ER or PR positive patients, the OS time of patients with negative SIRT4 expression was significantly shorter than that of patients with positive SIRT4 expression, indicating that patients with positive SIRT4 expression exhibit a longer survival time than those with negative SIRT4 expression (P=0.0275; Fig. 2C ).
Discussion
SIRT4 exhibits a crucial function in carcinogenesis as a tumor suppressor (5) . The present study revealed that SIRT4 expression in breast cancer tissues was significantly higher than that in adjacent non-cancerous tissues. Univariate and multivariate analyses demonstrated that high SIRT4 expression is a protective factor in breast cancer patients. Notably, the positive expression rates of SIRT4 were low in both control and breast cancer tissues. Jeong et al (10) performed a meta-analysis to compare SIRT4 expression in human cancers and normal tissues, which demonstrated that SIRT4 mRNA expression levels were significantly lower in cancers of the bladder, breast, colon, stomach, ovarian and thyroid than normal tissue. In addition, low expression of SIRT4 mRNA was significantly correlated with early metastasis in breast cancer patients (10) . In the present study, high levels of SIRT4 protein expression were not identified in the adjacent non-tumor tissues. We hypothesize that post-transcription regulation may affect SIRT4 expression and translation. Thus, further study is required to confirm this and to elucidate the possible underlying mechanisms.
The majority of previous studies regarding SIRT4 gene function have been performed in normal tissues (17) (18) (19) . SIRTs are nicotinamide adenine dinucleotide+-dependent deacylases and ADP-ribosyltransferases that are involved in numerous 
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cellular processes (17) (18) (19) . SIRT4 inhibition increases fat oxidative capacity and mitochondrial function in liver and muscle cells (20) . A limited number of genes directly interact with SIRT4, including cyclic adenosine monophosphate response element-binding protein 2 (CREB2), malonyl CoA decarboxylase and GDH (5,18). In the present study, SIRT4 expression was significantly correlated with ER, PR and p53 status. Previously it has been demonstrated that SIRT4 regulates ADP-ribosylates and inhibits GDH to regulate glutamine metabolism (8) . A gas chromatography-time-of-flight mass spectrometry-based metabolomics study revealed that the glutamate metabolite changes are increased in the ER-negative subtype of human Table Ⅰ . Comparison of clinicopathological features between SIRT4 positive and negative breast cancer patients (n=409).
Cytoplasmic SIRT4 expression ---------------------------------------------------------------------------------------Parameter
Patients, n Negative, n (%) Positive, n (%) P-value SIRT4, sirtuin 4; LNM, lymph node metastasis; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; Ki-67, nuclear-associated antigen Ki-67; p53, tumor protein p53.
breast cancer (21) . The detected changes included the metabolism of glutamine with a 2.2-fold decrease in the concentration of glutamine and an increase in the concentration of glutamate.
The highest glutamine metabolic activity is observed in HER2 + breast cancer and TNBC (22) . In the present study, positive SIRT4 expression was identified in 54/183 (29.51%) ER-positive patients compared with 40/226 (17.70%) ER-negative patients. Furthermore, the OS time of patients with negative SIRT4 
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expression was significantly shorter than patients with positive SIRT4 expression in ER or PR-positive and double-negative patients. ER-negative breast cancers exhibit a particular type of glutamine-dependent anaplerosis that is characterized by elevated levels of the gene encoding phosphoglycerate dehydrogenase (PHGDH) (23) . Notably, inhibition of PHGDH in breast cancer cell lines induces a metabolic collapse in TCA cycle intermediates, which is also observed during DNA damage response-induced SIRT4 upregulation and GDH inhibition (10, 23) . Thus, SIRT4 may affect the functional correlation between GDH and ER and PR.
Glutamine exhibits a critical function in cancer cell protein synthesis by supplying cellular adenosine triphosphate and serving as a metabolic intermediate for nucleotide synthesis (24) . Glutamine dependence leads to growth restriction and cell death in glutamine limiting conditions, indicating that the glutamate metabolic pathway may present a potential therapeutic target (24) (25) (26) . In the present study, low SIRT4 expression was associated with Luminal A breast cancer, which is a subtype of ER and PR positive breast cancer that is treated using anti-hormone receptor therapy. Among Luminal A breast cancer patients, the levels of SIRT4 expression were significantly associated with OS: Low SIRT4 expression was correlated with worse OS. In the present study, all patients with the luminal subtype of breast cancer were treated with anti-hormone receptor therapy. The drug sensitivity of anti-hormone receptors may be associated with SIRT4 expression levels. Therefore, the use of anti-hormone receptor therapy in combination with drugs that inhibit GDH or elevate SIRT4 protein levels may be beneficial in Luminal A patients. Although, no significant differences between SIRT4 expression and the OS of luminal B patients were identified, anti-HER2 therapy may affect the OS of these patients. Future studies are required to elucidate the potential association between anti-hormone drugs and SIRT4 expression.
In the present study, the positive expression rates of SIRT4 were significantly different between p53-positive and p53-negative patients. The p53 gene affects glutamine metabolism by targeting phosphate-activated mitochondrial GLS2 in tumor cells. GLS2 is a key enzyme involved in the conversion of glutamine to glutamate. It controls the apoptotic response and the cellular levels of reactive oxygen species (ROS). The tumor suppressor function of p53 may involve the interaction between glutamine metabolism, energy and ROS homeostasis (27) . SIRT4 directly downregulates GDH activity via ADP-ribosylation to regulate the conversion of glutamate to α-ketoglutaric acid (8) , indicating that SIRT4 and p53 interact indirectly. However, in another study, DNA-damaging agents increased SIRT4 levels in p53-inactive HEK293T cells and p53-null human prostate cancer PC3 cells, indicating that SIRT4 is induced in a p53-independent manner. After cell DNA damage, glutamine metabolism is repressed by SIRT4 expression in the mitochondria, which leads to inhibition of cell proliferation (10) .
SIRT4 exhibits a critical function in cellular metabolism by regulating mitochondrial glutamine metabolism. SIRT4 represses tumor formation in vivo. A reduction in SIRT4 expression results in larger tumors compared with controls (5). In the phosphatidylinositide 3-kinase/protein kinase B/mammalian target of rapamycin (mTOR) pathway, the mTOR complex 1 (mTORC1) gene negatively regulates the transcription of SIRT4. mTORC1 increases the binding of CREB2 to β-transducin repeat-containing protein leading to CREB2 ubiquitination (5) . The transcription factor CREB2 regulates the transcription of SIRT4. The mTORC1 gene indirectly regulates SIRT4 transcription to inhibit GDH, affecting glutamine metabolism. SIRT3, -4 and -5 are all expressed in the mitochondria. SIRT3 also regulates genomic instability to repress tumorigenesis (28, 29) . SIRT4 and -3 appear to coordinately regulate tumor cell anabolism (30) .
The present study demonstrated that negative SIRT4 protein expression was an independent predictor of a worse prognosis in invasive breast carcinoma. High SIRT4 expression levels were associated with a better OS in breast cancer patients. Based on the correlation between SIRT4 protein levels and the survival status in ER and PR-positive breast cancer patients, we postulate that low SIRT4 protein expression is Luminal A patients is a more effective anti-hormone therapy when used in combination with the glutamine metabolic inhibitor. Future study is required to determine the molecular mechanism by which SIRT4 regulates the progression of breast cancer.
